Introduction
Upwelling and downwelling events occur regularly on continental shelves [e.g., Smith, 1995] . Here we define upwelling (or downwelling) as the vertical motion resulting from horizontal divergence. For the case of wind-driven upwelling, surface waters are transported offshore within the surface Ekman layer primarily because of the alongshore component of wind stress [e.g., Gill, 1982] . Coastal sea level drops, an across-shelf pressure gradient sets up, resulting in an alongshore coastal jet, and an associated onshore transport occurs within the bottom Ekman layer. Upwelling connects the oppositely directed surface and bottom Ekman layer flows, completing the circuit and maintaining continuity. The most obvious evidence of this behavior is the correlation observed on nearly all continental shelves between the subtidal sea level and wind variations. [1982] and Marmorino [1983a, b] .
Examples for the West Florida Shelf (WFS) are given by Mitchurn and Sturges
Upwelling (or downwelling) events are important because they facilitate the across-shelf transport of material properties. This occurs within the surface and bottom Ekman layers because there friction provides the means for overcoming the potential vorticity constraint imposed by the sloping topography. Given these boundary layer-induced across-shelf transports, if the background hydrographic conditions are favorable for cold water to be advected shoreward and mixed to the surface, then the upwelling will manifest as a change in the sea surface temperature (SST).
While conceptually simple, describing the evolution of specific upwelling events is oftentimes difficult. Such events are not always evident in satellite SST imagery because the background hydrography is not generally preconditioned to provide a surface expression. On the WFS, for instance, the inner shelf tends to be well mixed in both summer and winter. AdditionCopyright 2000 by the American Geophysical Union.
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0148-0227/00/2000JC900006509.00 ally, the wind stress variations generally occur as a continuum, and this has the effect of smearing one event into another. Over the course of a 16 month long mooring deployment on the WFS all of the necessary ingredients for observing the evolution of a large-scale, spatially coherent pattern of coastal upwelling coalesced in spring 1994. We discuss the evolution of that upwelling event.
The study region and the in situ data are described in section 2. These data show a coastal ocean spin-up to switched on wind stress that follows a classical Ekman-geostrophic route [e.g., Brink, 1998 ]. We test this spin-up hypothesis numerically in section 3 by applying the Princeton Ocean Model (POM) to solve initial value problems using realistic geometry. The upwelling distributions obtained in the model experiments agree with the satellite SST observation, including a region of local maximum in upwelling just offshore from Tampa Bay. While the WFS may generally be characterized by gently sloping topography and smooth, slowly varying coastline, subtle variations in both the isobath and coastline geometries are found to have large regional effects. These are discussed in section 4, where the local maximum in upwelling observed offshore of Tampa Bay is attributed to a near-bottom flow field confluence that is steered both dynamically and geometrically.
Observations and Analyses
Bounded by the Gulf of Mexico in the west and the Florida peninsula in the east, the WFS (Figure 1 ) is broad and gently sloping with an -200 km width. The circulation on the WFS results from several factors. Because the WFS is so broad, its inner shelf, or the region of interacting surface and bottom Ekman layers [e.g., Mitchurn and Clarke, 1986; Lentz, 1994] that is most affected by local wind forcing, may be discussed separately from its middle to outer shelf regions where the direct influences of the bounding Gulf of Mexico are also important.
The motivating observation for this paper is a satellite ad- For the constant density case the pressure gradient force extends seaward to just beyond the 50 m isobath. Shoreward of this is the inner shelf coastal jet, and seaward is a small countercurrent. The residual from geostrophy is accounted for almost entirely by vertical friction, particularly that arising from the bottom Ekman layer. This bottom Ekman layer propensity is a peculiarity of the wind stress direction. With the wind stress directed at nearly a 45 ø angle to the coastline the frictional force evaluated at the surface is in the alongshore direction. For this reason the effect of the bottom Ekman layer stands out more clearly in these across-shelf momentum balances. The inner shelf may be defined as the region of significant ageostrophic motion by virtue of the frictional force that arises primarily from the bottom Ekman layer for this wind stress direction.
For the stratified case the across-shelf momentum balance is similar but with some interesting modifications. The Coriolis force, which mimics the coastal jet, exhibits more structure. This is not simply the result of thermal wind, however, since over most of the domain the pressure gradient force is only slightly modified in the vertical from that in the constant density case. The explanation for the increased structure lies in the vertical friction, which is largely modified by stratification. Note the wedge in the geostrophic residual at middepth that separates the surface and bottom regions and how the geostrophic residual is largely accounted for by the frictional force. This wedge, or region of nearly geostrophic interior flow, between the surface and bottom Ekman layers seaward of about the 30 m isobath accounts for the difference in vertical struc-ture of the coastal jet between the constant density and stratified cases. The remaining acceleration terms are of lesser importance with the local acceleration being larger than the advective acceleration. Compared with the constant density case that reaches a quasi-steady state very quickly, the stratified case evolves a little more slowly because of the varying density field and its affects on the surface and bottom Ekman layers.
Discussion and Summary
We presented a case study of a coastal upwelling event on the WFS for which the hydrographic and wind conditions culminated in a clearly discernable band of cold SST in a set of satellite AVHRR images. Although upwelling and downwelling circulations regularly occur on continental shelves, unambiguous examples of their three-dimensional evolution are limited. On the WFS, for instance, measurements have lacked sufficient spatial resolution, and the inner shelf region has not been resolved. On other continental shelves with more steeply sloping topography the inner shelf has largely been ignored. In fact, elegant boundary conditions [Mitchurn and have been advanced to enable wind-driven shelf circulation models [e.g., Clarke and Van Gorder, 1986 ] to bypass successfully the complications of the inner shelf. Yet, it is the inner shelf wherein material properties are transferred between the estuaries and the deep ocean, and these transferences are important for phytoplankton, zooplankton, and juvenile fish distributions. It is also within the inner shelf where phenomena such as red tide have marked environmental impacts. We combined data on in situ currents profiled over the water column at the 47 m isobath (the outer reaches of the inner shelf) with coastal sea level data and numerical circulation model simulations to describe the evolution of a specific upwelling event. In the context of an initial value problem the coastal ocean spin-up for our case study follows a classical Ekman-geostrophic route. This route begins with an offshoredirected surface Ekman layer transport that concomitantly leads to a geostrophic coastal jet and an associated bottom Ekman layer response. The bottom Ekman layer returns fluid shoreward, induces upwelling by across-isobath flow, and closes the on-offshore circulation loop. While this seemingly two-dimensional construct is appealing, we also find that subtle variations in the coastline and isobath geometries can lead to significant three-dimensional effects. One of these is a region of locally maximum upwelling found offshore from Tampa Bay that we explain by a near-bottom flow field confluence that funnels fluid into a downstream accelerating coastal jet. Farther downstream, beyond the confluence region the jet decelerares against an adverse pressure gradient force induced by the partial closure of the WFS by the Florida Keys in the south.
Upon comparing model results for constant density and stratified cases (where we estimated an initial stratification from the thermal wind relation using the vertical shear observed prior to the onset of the wind forcing) we find that the process of coastal ocean spin-up is similar with or without stratification. However, stratification results in a more vigorous circulation in all three coordinate directions by virtue of decoupling the surface and bottom Ekman layers. With turbulence surpressed in the fluid interior the Ekman layers are thinner [e.g., Weatherly and Martin, 1978] , and the velocity vector turning within the boundary layers (necessary to dissipate relative vorticity induced by planetary vorticity tilting [e.g., Pedlosky, 1987 ] is larger. Consequently, stratification increases across-isobath flow, and upwelling (arising primarily by the bottom kinematic boundary condition) likewise increases.
By affecting the onshore flow in the bottom Ekman layer, stratification also modulates the region of local maximum upwelling observed in the vicinity of Tampa Bay. The mechanism of flow field funneling (dynamically by the bottom Ekman layer and geometrically by the curving coastline) occurs in either case, but by increasing the relative magnitude of one effect over the other, stratification alters the position of the local maximum. Similar three-dimensional effects leading to another region of local maximum upwelling is seen just south of Apalachicola Bay, and evidence for upwelling there exists in seasonally occurring phytoplankton blooms [Gilbes et al., 1996] .
The simplicity of the inner shelf Ekman-geostrophic explanation that we provide must be tempered by the fact that our currents observations for this case study are at the outer reaches of the inner shelf and that our model applications use a crudely estimated initial stratification. On the basis of our WFS POM applications, Li and Weisberg [1999b] Because the Ekman depth depends upon the vertical turbulence distribution, which in turn depends upon stratification, it is not feasible to determine these properties from the available data that do not include direct measurements of density. Figure 2 shows that the largest rate of turning and amplitude diminution within the surface Ekman layer occurs over the upper 15-20 m of the water column. However, without density data to sort out thermal wind veering from Ekman turning or to assess the effects of stratification on the turbulence parameterization it does not seem fruitful to pursue this line of inquiry further. In the future, with more complete data sets we will attempt to provide quantitative statements about seasonally varying Ekman depths and turbulence parameterizations and how they impact upwelling distributions as a function of wind stress magnitude and direction.
In summary, we provided a case study of upwelling on the West Florida continental shelf for which we described the evolution of the three-dimensional circulation that culminated in a band of cold SST observed in satellite imagery. From the perspective of a wind-driven initial value problem we argued on the basis of data and numerical model simulations that the inner shelf responds in a classical Ekman-geostrophic manner and that stratification and alongshore geometry variations have large effects on the inner shelf responses to wind forcing. In particular, the region just offshore from Tampa Bay is shown to be one of local maximum upwelling. By determining mate-rial property distributions the physical workings of the inner shelf are important for primary productivity, larvae distribution, sediment resuspension/transport, and the inherent optical properties due to these factors. Multidisciplinary efforts are presently underway on the WFS to understand these interactions better.
